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(57) Abstract: A hyper encoder module encodes a block of data having a plurality of sab-blocks. Each sub-block includes a plurality 
of systematic block code codewords. A parity sub-block is added to the block. The parity sub-block is a first sub-block rotated by 
a predetermined number of bits. Each subsequent sub-block in the n-dimensional block is rotated by an appropriate number of bits 
and bit-wise XORed. An encoder method and apparatus which includes the hyper encoder module receives theWock of data. A row 
of the block is immediately output and encoded by a first module according to a first encoding scheme. A column is encoded by a 
second module according to a second encoding scheme. A second set of encoded data is generated, iteratively updated and output by 
the second module. The hyper encoder module hyper-diagonally encodes the information bits as described above and men output. 
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ENHANCED TURBO PRODUCT CODES 



Related Application: 

This Patent Application claims priority under 35 U.S.C. 1 19 (e) of the co- 
pending U.S. Provisional Patent Application, Serial No. 60/189,345 filed March 
5 14, 2000, and entitled ENHANCED TURBO PRODUCT CODES". The 

Provisional Patent Application, Serial No. 60/1 89,345 filed March 14, 2000, and 
entitled '^ENHANCED TURBO PRODUCT CODES" is also hereby incorporated 
by reference. 



10 Background of the Invention 

The preseat invention relates to enhanced turbo product codes (eTPCs), in 
general, and in particular, a method for encoding ^hyper-pfbduct codes by diagonal 
encoding and 'ids. appara^ " ^ a ^>,-v^.^-v 

A product code is a concatenation of two or more block codes CI and C2, 

15 each having parameters (nl, kl, diy where n is the codeword 

length, k is the number of information bits and d is the minnrmTn Hamming 
distance. The product code P=C1 x C2 is obtained By placing kl x k2 information 
bits in an array of kl rows and k2 columns. Following, the kl rows are coded 
using code CI and n2 columns are coded using C2: Thus, the resulting product 

20 code is (nl x n2, kl x k2, dl x d2). Under such construction, all rows of the matrix 
P are codewords of CI and all columns of matrix P are codewords of C2. Product 
codes can be twodimic^ 

dimensions of the product become higher, codes with larger euclidean distances 
(drain) are more easily obtained, but at a cost of significant increase in block size. 

25 Turbo Product Codes (IPCs) is a class of codes that offer performance 

closer to Shannon's limit than traditional concatenated codes. TPCs are the * 
iterative soft decision decoding of a product code. TPCs are a class of codes with a 
wide range of flexibility in terms of performance, complexity and code rate. This 
flexibility allows TPCs to be used in a widerange of applications. 

30 An enhanced turbo product code is a code built with a TPC base. The base 

code can be any number of dimensions and may contain parity and/or extended 
Hamming constituent codes. When all axes of the code contain parity only 
constituent codes, the codes is a '^jper pro<^ct ^de". Enhanced turbo product 
codes (eTPCs) include the N dimensional product of extending Hamming codes 

35 and simple parity codes followed by an additional parity calculation which is 
computed along a "hyper diagonal", where the product code has one or more 
dimensions. ElPCslrinut al^^ 
decoded with a soft-in soft-out (SISO) algorithm. 
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To move from the base TPC to an eTPC , the bits in the base code are 

shuffled or interleaved according to a predetermined pattern. The parity is then 

computed over the new shuffled array. The parity is computed such that one 

additional 

5 row of bits is added to a 2-D TPC, or one additional plane is added to a 3-D TPC. 
This can be generalized to more dimensions since a n-1 dimensional structure of 
parity bits is added to the code where "n" is the dimension of the base code. 

In addition to bit error rate performance improvement, eTPCs also have 
value in ferms of flexibility. System designers generally required a variety of block 

10 sizes and code rates when developing a system employing error correction. The 
ability to use the entire set of eTPCs (including turbo product codes, enhanced 
turbo product codes and any combination thereof) give great flexibility in choosing 
an exact code for a given system. 

t . . The code rate and Best Error Rate (BER) perfpmance of TPCs is 

15 dependent on the systematic, constituent block.cqde codewords and the number of 
axes in the product code. The set of eTPCs shown below include codes of 2 or 
more dimensions, where the base code on each axis can include extended 
Hamming codes and/or parity codes or other equivalents. The table below shows 
the set of 2-D and 3-D eTPC code configurations: , 

20 ; 
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In the table above, an 'HP represents an extended Hamming code axis, a *P* 
represents a parity only axis, and a V indicates a enhanced turbo product code 
containing the additional hyper-diagonal axis. For example, a HP+ code contains 
an extended Hamming code in the X axis, a parity only code in the Y axis and an 
5 additional hyper-diagonal axis. The minimum distance for codes containing the 
hyper-diagonal axis depends on the length of the code axis and must be found by 
computer analysis. The table shows an estimate of the minimum distance for these 
codes in the right column. It is shown in the above table that the minimum 
distance for the codes increases as more axes of the code are coded. In addition, 
10 the minimum distance of the codes also increase as a hyper-diagonal axis is added 

to the cade. In turn, the code rate to encck^ 1 
the performance of the encoder. 1 

The diagonal parity bits or hyper-diagorial is obtained by adding bits : 
diagonally along the block by using the following equation: ~ : e r : 

where By is the (i j)th product code bit The diagonal parity bits can be generated 
by right **rotating" the i* row of the original product by i+1 bits, then adding each 
column to get the diagonal parity bits. likewise, diagonal parity bits can also be 
generated by left rotating the i* row of the original product code by i-1 bits, then 

20 adding each column to get the diagonal parity bits. 

The addition of the diagonal parity bits increases fce minimum Euclidean 
distance, dmin, of the code. The diagonal axis is often referred to as a hyper axis 
even when it is used with Hamming codes in the various axes. The increased 
minimum distance will result in a lower earor floor of the code. Further, the 

25 addition of a hyper axis can improve the performance of the code before the bound. 

A prior art method of encoding is to place the data in a kx x ky (kx, ky) 
array of bits. Figure 1 generally illustrates the method of encoding in accordance 
with the present invention. The x-axis of the code is encoded by an x-axis encoder 

30 10 which encodes each row resulting in a block of data having ky rows of nx bits 
per row (nx, ky). This block of data is input to a Y axis encoder 11 that encodes 
each column by adding data to theJY axis, rcsultmg in aXra,,ny) bl^ 
last step includes a hyper axis encoder 12 ^ paril^ bite to flie 

code. Then, a parity only encode is applied to all columns of &e block. The result 

35 adds one row to the block, resulting in a (nx, ny+1) output block. 

encoded 2-D block having a code (nx, ny) of storage is required in the encoder to 
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hold both the data array and the error correction coding (ECC) bits. In addition, the 
encoder has a one block latency. Latency is defined as the time between the first 
bit of a block of data is input into the encoder and the last bit of the same block is 
output from the encoder. The prior art encoder have a high latency, because the 
5 encoder cannot output the data array until it finishes encoding both rows and 

columns. To complete this encoding process, the encoder must receive the entire 
data array. Therefore, the first data bit of the block cannot be output until the last 
data bit of the same block is input making the latency one full block. Many 
communications type systems cannot handle high latency because of the Quality of 

10 Service constraints placed on the system. For example, a Vi second delay on a 
• telephone line is undesirable, because the delay inhibits communication between 
the transmitting and receiving ends. 

What is needed is an efficient hardware implementation and niethod thereof 
of iterative encoding for eTPCs with a hyper diagonal parity array added, where the 

15 eTPC includes systematic bloc code codewords such as extended Hamming codes, 
parity codes as well as other codes. Using eTPCs with iterative diagonal encoding 
and decoding is advantageous, because such eTPC have an error floor of three to 
five orders of magnitude lower than the corresponding turbo-product codes. 

20 without stoiring tte entire biock in storage. Such an encoder should have very low 
latency because it woidd not store the data bits, but only store the error correction 
bits. TlredM^ 

latency near zero. In addition, such an encoder would have smaUer storage 
requircS^^ 

25 . <*-"*r ; " ■ 

Summary of the Invention 

A method of encoding a block of data having n dimensions. The block 

contains a plmality of systematic block code codewords, whereby the method 

comprises the steps of performing a parity calculation along a hyper diagonal in the 
30 block, wherein a parity result for the parity calculation is generated. Also, the step 

of addingthe parity result to the block of data. 

A method of encoding a n-dimensional block of data having a plurality of 

(n-1) dimensional sub-blocks. Each sub-block including a plurality of systematic 

block code codewords. A parity sub-block is added to the block of data, the parity 
35 sub-bio^ ^ 

causing the pM^ 

predetermined number of bits. Alsb.fof each subsequent sub-block parallel to the 
first sub-block in the n-dimensional block, bit-wise XORing that parallel sub-block 
with the parity suB-felbck, wherein the parity sub-block is rotated by an appropriate 
40 number of bits. 
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A method of encoding a block of data having n-dimensions received from 
an input source. The block contains a plurality of information bits, the method 
comprising the steps of receiving a row of the block and immediately outputting 
the row. Encoding the information bits in the row, wherein a first set of encoded 
data is generated according to a first encoding scheme. Outputting the first set of 
encoded data. Encoding the information bits in a column according to a second 
encoding scheme, wherein a second set of encoded data is generated and iteratively 
updated according to the information bits in the row. Hyper-diagonally encoding 
the information bits in the block according to a parity encoding scheme, wherein a 
hyper set of encoded data is generated according to the information bits in the row 
and column and the first and second sets of encoded data. Outputting the updated 
second set of encoded data after all the information bits and all subsequent first sets 
of encoded data are outputted. Outputting the hyper set of encoded data. 

An encoder for encoding a block of data having a plurality of information 
bits. The encoder outputs the infpnnation bit? immediately after receiving the 
information bits, the encoder comprising a first encoder module for encoding the 
information bits in a row of the block, wherein the first encoder generates ai set of 
encoded row bits. A second encoder module for encoding the information bits in a 
column of the block, wherein the second encoder module generates a set of 
encoded column bits according to the information bits in each row. The second 
encoder updates the encoded column bits for each row encoded by the first 
encoder. A hyper encoder module for hyper-diagonally encoding all information 
bits and all encoded bits diagonally along the block the hyper encoder generates a 
set of parity results, whereby each parity result corresponds to a diagonal of the 
encoded bits. 

An encoder for encoding a block of data into an encoded block of data. The 
block of data haying a plurality of information bits arranged in a plurality of jows 
and columns, the encoder comprising: means forreceiving the block of data, 
wherein the information bits received are immediately output by an output means. 
First means for encoding each row according to a first encoding scheme, wherein 
the first means generates a row encoding result for each row encoded by the first 
encoding scheme. Second means for encoding each column according to a second 
encoding scheme, wherein the second means generates a column encoding result 
for each column encoded by the second encoded scheme. The column encoding 
result is iteratively updated for each row racoded by the first means. f Meam for 
hyper-diagonally encoding along the encoded block of data, the means for hyper- 
diagonally encoding generating a hyper parity result for each corresponding 
diagonal in the encoded block of data. 

. An encoder for mcoding a block of data into an encoded block of date, jfhe 
block of data having a plurality of infonnation bits. c The encoder outputs the 
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information bits immediately after receiving the information bits, the encoder 
comprising a first encoder module for encoding the information bits in a row of the 
block, wherein the first encoder generates a set of encoded row bits. A second 
encoder module for encoding the information bits in a column of the block, 
wherein the second encoder module generates a set of encoded column bits 
according to the information bits in each row. The second encoder updates the 
encoded column bits for each row encoded by the first encoder. 

Other features and advantages of the present invention will become 
apparent after reviewing the detailed description of the preferred embodiments set 
forth below. 

Brief Description of the Drawings 

Figure 1 illustrates a block diagram of an encoding method of a two 

dimensional 
code in acasnlance with Ihe pre^ntinventionV 

Hgure 2 iUustrates a block diagr^ 
dimensional 

code in accordance with the present invention. 

Figure 3 iflustratc^ a Tblobk dii^gram of an encoder of a two dimensional 
code in accordance with the present invention. 

Figure 4 illustrates a top level diagram of an encoder module in accordance 
with the present invention. 

Figure 5 illustrates a detailed diagram of a datapath module in accordance 
with the present invention. 

Figure 6 illustrates a detailed diagram of a hyper_encoder in accordance 
with the present invention. 

Figure 7 iUustrates a detailed diagram of a control module in accordance 
with the present invention. 

Figure 8a, 8b and 8c illustrate a two dimensional enhanced turbo product 
code in accordance with the present invention. 

Figure 9 illustrates a three dimensional enhanced turbo product code in 
accordance with the present invention. 

Figure 10a illustrates a two dimensional enhanced turbo product code 
having shortened bits in accordance with the present invention. 

Figure l6b illustra^ a 'ti^ ^©^ionk enhanded riiibo jto^ code 
having shortened bits in a^rdance with^ 

Detailed Description of the Preferred T ^mVindiTTient 

the method for ^coding a enforced turbo product code (eTPQ using" 
hyper-diagonal racoding is "shown in the following example. The following 
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diagram illustrates a base 2-D parity only code along with lettering showing the 
order of the parity computation, whereby each letter in the block represents one bit 
Specifically, the parity block shown in the diagram has parameters of (5,4) x (6,4). 
Thus, the data in the block is consists of 4 rows and 4 columns of data, each row 
5 and column having 4 bits within. Since the block is an eTPC block, error 

correction bits such as extending Hamming codes or parity codes are added to each 
row and each column to have a block consisting of 5 rows and 5 columns. In 
addition, a hyper parity row or array may be added to the eTPC block as part of the 
block or separately. The hyper parity array contains the results of the hyper- 
10 diagonal parity calculation of the entire encoded eTPC block, which includes the 
information bits in the 4X4 block as well as the ECC bits. 
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Parity Column Array: \B C JL> E~ 
Hyper Parity Row: (A B C IT 
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«• Parity Row Array 



All the bits above have the same letter (A through E) which are used to 
compute the added parity bits which are to be placed in the hyper parity row. For 
example, all bits labeled A and will have even parity and all bits labeled B will 

25 have even parity, etc: Three dimensional hyper diagonal parity bits are added by 
moving through all three axes of the 3-D array* Similarly, any numbers of 
dimensions can be built In the above diagram, the encoder performs the hyper 
diagonal by '^rotating" the parity row after performing the parity calculation along a 
diagonal string of bits in the data block. For example, the encoder performs the 

30 parity calculation by diagonally traversing a string of bits A and positions the parity 
row to the right one column. Following, the encoder perforins the parity 
calculation by diagonally traversing a string of bits B and positions the parity row 
to the right one column. This continues until the encoder performs a parity 
calculation for all the strings. Thereafter, the encoder rotates the parity row to the 

35 right one column, which results in the parity row in the diagram above. Other , , 
methods of hyper encoding may be used. For the 2-D code above, the hyper- 
diagonal parity results can be computed moving down and to the left instead of 
down and to the right. In addition, multiple rows of additional parity can be added 
to the code. v 
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The encoder can encode codes with higher dimensions by adding one array 
to the code. Thus a (16,11) x (16,11) * (16,11) may be encoded to be a (16,11) x 
(16,1 1) x (17,1 1) code. As shown in Figure 2, the encoding is done in the same 
function as the 2-D case, except that an additional encoder is added between the 
"Encode Y-axis" 21 module and the "Encode Hyper Axis" 22 module. This 
module, labeled "Encode Z-axis" 23 executes the Z axis encoding. The block 
therefore is output as (nx, ny, nz+1). 

The encoder of the present invention uses a novel technique to limit the 
amount of storage space required for the encoding process and lower the latency of 
the encoder. A simplified block diagram of the present invention is shown in 
Figure 3. Instead of placing the data in a kx x ky array of bits^ the encoder 100 of 
present invention inputs each bit of a two dimensional block of data into the 
x_encoder 40, y_encoder 41, andhyper_encoder 42 and then passes out the 
encoded data to be transmitted. The x_encoder 40 contains nl-kl bits of storage, 
i where the code in the X axis is (nl,kl). The yjehcoder 41 contains (n2-k2) x kl 
bits of storage, and the hyper_encoder 42 contains nl bits of storage. 

The encoding of a two dimensional block of ^ data proceeds as follows. The 
data for the first row of the block is input one or more bits at a time to each encoder 
and is immediately transmitted over the channel. The x_encoder 40 encodes the 
) first row as the data is input. The y_encoder 41 encodes kl parallel codes, each 
corresponding to one column (k) of the array. Finally, the hyper.encoder 42 
encodes hi parallel parity codes, each conespondmg to one hyper-diagonal of the 
array. 

After the entire first row of kl data bits isiinput; the x^encoder 40 encodes * 
5 the row by performing an encoding scheme, such as adding extending Hamming 
codes, parity codes, or any equivalent to the row. After the x_encoder 40 is 
finished encoding the first row, it is ready to output the first row of ECC bits or set 
of encoded data. The input data stream is halted while the mux 43 outputs me first 
row of ECC bits to the y_encoder 41 and the mux 44. Due to the halt of me data 
30 stream, the y_encoder 41 becomes idle during this time. When the first row ECC 
bits for the x axis is output, the memory in the x_encoder 40 is cleared by zeroing 
all bits in the memory of the x_encoder 40, and the next row of data is input into 
the xjencoder 40. The y_encoder 41 then encodes and iterafively updates each 
column by its own encoding scheme as each subsequent row of data is input to the 
35 encoder 100. Similarly, the hype^encoder 42 updates by its own encoding scheme 
by encoding each hyper-diagonal parity bit as data entera the encoder 100. 

This process iteratively continues until k2 rows are output from the encoder 
100. Once k2 rows are output, the y_encoder finishes encoding all r em a inin g 
column bits by performing a row by row parity calculation on all sets of encoded 
40 column bits. At this point, the y_encoder 41 is ready to output all y axis ECC data. 

8 
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The mux 44 is switched to allow y axis ECC data to be output from the encoder 
100 while the x_encoder 40 continues to encode new code words and the 
hyper__encoder 42 continues to encode and update the data from the y axis ECC 
data. After n2 rows of the input data is encoded and output from the encoder 100, 
5 the y axis ECC data is exhausted At this point, the memory of the y_encoder 41 is 
cleared by zeroing all bits in the memory of the y_encoder 41 , and the 
hyper_encoder 42 has completed the hyper-diagonal encoding of the entire block. 
Following, the additional row of parity bits from the hyper„encoder 42 is output 
after the mux 45 is switched. 

10 For a three dimensional block of data having (n, k, d) bits, z_encoder (not 

pictured) with a corresponding mux would be used to encode; the d-planes of the 
data* The z_encbder encodes arid iteratively.ig>dates each plane by its own 
encoding scheme as eiach initial and subsequent row is entered into the encoder 
100. The z^encoder uses the encoded ECC data generated by the x_encoder 40 and 

15 y_encoder 41 to encode the bits in the plane. ; Although Figure 3 illustrates that the 
rows are input first and the columns and hyper-diagonals are encoded according to 
the rows, it is not necessary for the method to occur in this manner. For example, 
the columns may be encoded first whUe the ro : < 

Figure 4 illustrates a diagram of the encoder in accordance with the present ^ 

20 invention. The 100 encoder includes four modules, namely the input module 102; 

datapath module 104; control module 106 and the output module 108. The input 4* 
module 102 receives input data via a ready/accept handshake. The data is encoded ^ 
within the datapath module and is then output through the output module 108 via 
ready/acrapthan^ The control module 106 contains the encoder ■ ; %• 

25 configuration settings, state machines and control signals used for the encoding, . 
The output module 108 receives the encoded data from the datapath module 104 ; 
and control module 106 and outputs the encoded code. :~, 

The input module receives the input data at a rateof DATAJRATEbitsat a 
time, where DATA JIATE is the value representing the number of encoded data 

30 bits processed per clock cycle. The value of the DATAJRATE cannot exceed the 
minimum number of encoded bits in the x-axis of the block. The input module 
102 receives the input data and provides the required number of bits for the row 
being encoded The number of data bits needed will depend on the encoding 
process and can be up to the value equal to the DATA-RATE bits. The input 

35 module 102 receives a last Jblockjbits signal and lastJblock_jrow signal from the 
control module 106 which informs the input module 102 when the last bits are to 
be received into the input module 102. 

The control module 106 contains control logic which allows the input, 
datapath and output modules communicate to one another in order to encode the > 

40 data. ■ The control module 106 is shown in more detail in Figure 7 includes a 
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register_control 300; in_data_control 302; block_control 304; out_data_control 
306; x_encode_control 308; y_encode_control 310; z_encode_control 312; and 
hyper_control 314. The register_control 300 registers all the input module control 
signals. The in_data_control 302 generates control signals used to receive input 
data from the input module 102. The block_control 304 generates control signals 
to specify the block status. The out_data__control 306 generates control signals 
used to output data from the output module 108. The x_encode_control 308 
generates the control signals used for x-axis encoding done by the x_encodei 1 10. 
Likewise the y_encode_control and z_encode control generate the controls used for 
the y and z axis encoding done by the y_encoder 1 12 and the z_encoder 1 14, 
respectively. Further, the hyper_cqntrol signal are used f or hyper encoding done by 
the hyper_encoder 116. The output module 106 receives data at DATAJIATE bits 
per clock and sends the output data at DATAJRATE bits per clock. The data also 
contains a firstjrit and lastjrit flags that indicate the position of the first and last 
bits of the block. v ..j:;.- ,,,,, , ; 

The state machine 316 operates in an icfle mode imtU a reset„n_pulse in 
provided. Once the resetnjpulse is provided, the state machine 316 enters the 
active state and does not return to the idle state until another resetjupulse is given. 
When data is input, the state machine outputs either the data, x_encoded bits, 
y_encoded bits, z_encoded bits or the hyper bits. 

Hie datapath module 104 in Fig. 5 performs the encoding functions, details 
of which are illustrated in Figure 5, The datapath module 104 encodes a three 
dimensional block of data in the x,y, and z dimensions and adds the hyper bits 
when the datapath is enabled. -This is done by four separate encoder, including an 
x_encoder 110, y_encoder 112, z_encoder 114 and a hyper__encoder 116. For a 
two dimensional block of data, the datapath module 104 would only use the 
x_encoder 110, y__encoder 112 and hyper- encoder 116 .; Each encoder examines 
the data stream and can output an independent encoded data stream out the path. 
The data gets clocked into the in_reg register by a signal idata_in when the 
load_jn_jeg signal is active. The data is then sent to all of the encoder. The data is 
also sent to the output mux 120 as data-out. The output mux 120 either passes the 
data out or selects the data from one or all of the encoder to pass out to the out__reg 
register. Hie data is clocked into the out_jreg register when the load-out reg signal 
is active. Each of the encoder can alternatively communicate to external memory 
over a RAM bus structure. ,>.,. : i«.r .?v*jui ; ~ ;>&r :i > : ■>.: v 

The x_encoder 110, y_encoder 1 12, and z^encoder 114 modules opiate by 
Hamming code generator logic in addition to other logic which allows the encoder 
to add the systematic codewords on all data bits for the block of data. In an 
embodiment, the x^encoder 1 10 stores the Hamming and parity calculations^ an 
internal register, :such as a: row encode storage array. For a DATA JRATE that is 
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greater than 1, the Hamming calculation for DATAJRATE bits is done in parallel. 
For the y_encoder 112, a DATA_RATE equivalent to 1 causes the y_encoder 112 
to store the Hamming calculation in an external memory, such as an external RAM 
or column encode storage array. However, a DATAJRATE greater than 1, the data 
5 is stored in an external memory as groups DATAJRATE wide. This requires only 
1/DATA JRATE the number of addresses and DATAJRATE times the number of 
bits per address. The z_encoder 114 operates in the same way as the y__encoder 
1 12 in that it stores the error correction bits in a plane encode storage array. 

The hyper__encoder module 1 16 adds an extra row or column to a 2-D block 
10 or an extra plane of hyper bits to a 3-D block. The hyper bits are calculated by 

doing even parity along the diagonal axis of the biopk, arid the resulting parity bits 
are stored in an external memory such as a parity array. All RAM address, data, 
and control signals are output on the RAM bus signals to the external memory. 
The y_encoder uses the least significant bits, the z_encoder v if present, will use the 
15 middle bits, and flie hyper encoder uses the most sigmficant bits. , > ; ^ • 
The o_jirst signal wU^ 
signal will assert in the last bit of the block put. Fot DATAJRATE greater than 1, , f 
both signals can be asserted at the same time. It will be up to the user to determine v 
which bits in Ae bus are first and last bits.^,^^ X 
20 The hyper_encoder 116 traverses the diagonals in the input block and 

calculates the parity bits. Figure 6 fflustrates the details of fc^ ^ 
in accordance with the present invention. The hyper^encoder 1 16 includes a input $ Y 
pipestage 202, a hyper core 200 and output pipestage 204. The input pipestage 202 ^ 
registers all the data for use by the other modules, in;the hyper^enccKiCT 116. Data . % 
25 enters the hyper encoder through the input pipestage 202 via a ready/accept 

handshake, which is represented by encjdy and enc__accpt respectively. Similarly, \ 
the output pipestage 204 outputs data that is hyper encoded by a ready/accept x 
handshake, which is represented by hyper_rdy and hyper^acpt respectively. . 

The hyper_core 200 has a hyper register or hyper array which is capable of 
30 storing a complete row. The hyper_core 200 includes a control module within 
which initiates all the RAM reads and writes. For 2-D enhanced turbo product 
codes, the registers can hold an entire row. Thus data is transferred between the 
previous row register and the hyper register. For a 3-D block, an entire hyper plane 
is stored in the hyper encoder. So, a RAM is used to hold the hyper plane parity 
35 bits. Thus, as data is transferred to the output pipestage 204, the row is pmlt up in 
the hyper register. When the end of a row is reached, the row is written to the 
RAM. The input data is manipulated by positioning the previous row as discussed 
below and XORing with the input data. This data is then written to the RAM.' 
During the entire first plane, the previous row is setto O. Thepreyiousrow is \ 
40 updated depending on which row it is in the plane. If the row is the last row in the 

11 



WO 01/69797 PCT/US01/08101 
plane, it receives the current data being written to the RAM. However, if the row is 
any other row in the plane, it receives the contents of the current RAM address to 
be written. There are exceptions. For example, during the first plane, the previous 
row is set to 0. Also, in the second plane, the regions that are within the shortr are 
5 set to 0. In theses cases, the previous row must be explicitly set to 0 to prevent the 
prior RAM contents from corrupting the hyper operation. 

The hyper_encoder 1 16 calculates the parity along hyper-diagonals in a 
eTPC block. The traversal of the hyper-diagonals differ depending on the type of 
eTPC code. If the eTPC code is 2-D, there is one row of hyper parity bits added to 

10 the block as part of the block or separately. However, more than one row of hyper 
parity bits may be added to the block. In a 3-D eTPC code, an entire plane of hyper 
parity bits is added to block by the encoder 100. 

The data is input starting from the upper left corner of a block. For the first 
row, the data is loaded into the byper register at the putput. At the end of the row, 

15 the data is XORed with the previous tow register and stored into the previous row 
register. After the last DATA JRATE chunk of tte eTPC block is transferred to the 
output, the data is transferred into the previous row register, following, the result 
is transferred out to the output pipestage from the previous row register. 

When a word is completely within the hyper^jeg register, it is written to the 

20 RAM. The address is then incremented. When the last row of a plane is written, 
the address is reset to 0. During the first plane, only data is' written, and all reads 
are ignored. During subsequent planes, data is read from- the'RAM, put into • 
previous row registers, and the data in the hyper register is written to the same 
address; -When the last word of the last row of the last plane is transferred into the i 

25 output pipestage, the address is reset to 0. The word in the hyper register is 
immediately output. When the last word of the hyper register is output to the 
output pipestage, the address is incremented At the end of every row of hyper bits 
output, the address is incremented When the address reaches the y size, the output 
is finished 

30 It must be noted that although the encoder 100 is described encoding two 

and three dimensional codes, the encoder 100 may encoder data in higher 
dimensions and is thus not limited to the dimensions discussed above. For data 
being input into the encoder 100, where the data has more than three dimensions, 
the encoder 100 uses the above method to encode the sub-blocks of data, such as 

35 rows, columns, etc. \ \ ; ^; . - : 1 , > ? tJ 

The encoder 100 also supports code shortening; For example, the number 
of x, y, and z rows to drop is specified with the shortxO* shortyO, and shortzO 
inputs. The shortb input can be used to shorten the block size by an additional 
number of bits, whereas the shortr input can be used to shorten rows on the first. 

40 plane of the block. These inputs allow the encoder 100 to encode block sizes of any 
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length. The bit shortening will be taken off the first bits of the first x row. The 
shorted bits will not be output in the data stream. 

Since bits are shortened out in mixed amounts, the data input may not line 
up neatly in a block: Therefore, shortb and shortr are used to line the bits up within 

5 a block. Specifically, shortb represents a "bit shorten amount" signal which 

determines the number of bits in a row that must be shortened for a 2-D block. In 
2-D enhanced turbo product codes, shortr must be set to 0. In addition, shortr 
represents a "row shorten amount" signal which determines the number of bits on 
the first plane to be shortened; For 3-D blocks, the value for shortr determines the 

10 number of rows to shorten off the first plane. 
The block in Rgure 10a m 
tmbo product code The in an a bit in&cates shortened bits in the row, which 
are implicitly 0. For Figure 10a, a "-" is placed in each row which is shortened, 
namely addresses 0-4 in ixm 1: The input data does not sstart at the upper left hand 

15 cdmer of the plane, but ins^^ This impacts 

the encoding process by chahghig where the data is initially stored Howevfer, sihce 
the parity row is initially set at zero in the first step of the hyper encoding, the u 
initial location 6f the data does not change the results or output of the hyper parity v 
check. 

20 The block in Figure 10b illustrates the use of shortb and shortr in a 3-D 

enhanced turbo product code. Similar to the 2-D enhanced turbo product code with* 
shortb, "-" characters are placed in the s&rtOT^ro^ are implicitly 01 Again;- 
input data is placed after the last "-" character, which changes where the data is 
initially stored However, as in the 2-D " 

25 not change the results or output of the hyper parity check, because the hyper parity 
plane is initially set to zero. 

The are two counter^ that control tiie calculation of the hyper bits, hariiely 
hyperjndex and aiidr. The hyper_index is used to build the input vector, whereas 
addr is the address to the RAM. Shortr and shortb are handled by preloading the 

30 counters. For shortb, the hyper_index register is used. The very first row of an 

incoming eTPC may be shortened by shortb bits. When an enc_start, which is the 
first word in an incoming codeword, is transferred with the data, the hyperjndex 
register is loaded with shortb + 1. The hypetjreg register is cleared will all zeros 
except where the DATAJRATE received bits are located. This causes the shortb 

35 bits to beconie all z&cosi From this point, as bite ire input, they are loaded into the 
hyper_reg. For subsequent rows, all losing is 'done starting with hyperjndex set 

For shortr, fee addrjegister is used At the start, the address of the first 
word written is siiortr. The RAM is filled starting firbrn shortr. At the end of a 
40 planed the address wraps around to 0. At this point, the addresses from 0 to short- 1 " 
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do not hold data. All reads during the second plane are forced to 0. After the 
second plane, all address locations are valid. Addresses, are generated only for 3-D 
codes, not are not necessary for 2-D codes. 

Having described the structure of the encoder 100 in accordance with the 
5 present invention, the functional aspect of the encoder 100 is now discussed. 

Figures 8a-8c illustrate several eTPC blocks of differing sizes. For 2-D blocks, the 
blocks include the bits along the diagonals that the parity is calculated for. The 
blocks shown in Figures 8a-8c contain extended Hamming codes that are attached 
to the information bits. Figure 8a illustrates a 7x7 block which becomes a 8x7 

.0 eTPC block after hyper encoding. Figure 8b illustrates a 15x5 block which 
becomes a 16x5 eTPC block after hyper encoding. Figure 8c illustrates a 4x8 
block which becomes a 4x9 eTPC block after hyper encoding. In each figure, the 
numbers in each bit of the block represents the address number of the bit Further, 
in each figure, the hyper bits are represented by the symbol "h" followed by the 

15 address number of each byte that the parity is calculated along. In each figure, each 
address in a row in the block is positioned to the right in the subsequent row (along 
the y-axis). The data is input to the block one row at a time, starting from the left 
hand corner of each block. The data is input exactly as it appears in Figures 8a-8c. 
Data is input row by row starting in the first row wherein the data, after 

i0 being encoded by the x_ encoder 110, y_encoderll2, and z_encoder 114, contains 
extended Hamming code bits. After the last row is input for an array, the 
positioning procedure is performed on the subsequent arrays, such as rows or 
columns. To calculate the hyper parity bits for the eTPC block in accordance with 
the present invention, the following steps are preferably performed. 1. Set the 

15 parity row for the block is set to zero (0). Thus, a 0 is placed in every bit in the 
parity row. 2. "Rotate" or position the parity row to the right by 1 bit address, 
which may be a row or column. 3. XOR the incoming bits with the parity row. 4. 
Store the result in the parity row. The process is repeated from step 2 until the 
result for the XORing of the last row with the parity row is placed in the parity row. 

JO Once the result for the last row is placed in the parity row, the parity row is 
preferably rotated by 1 to the right and the result is output 

These steps, however, do not have to necessarily occur in this order. Other 
combinations of the above steps in accordance with the present invention to encode 
the data may be performed to achieve the same result It must also be noted that 

J5 although the parity row is positioned by 1 to the right, the parity rpwjmay be / 
positioned in any other direction. Further, the parity row is not limited to be 
rotated by 1 after each incoming row is XORed. Thus the parity row may also be 
positioned by more than two bit addresses or more. 

Figure 9 illustrates a diagram of a 3-D enhanced turbo product code. As in 

K) the previous figures for the 2-D enhanced turbo product code, the numbers in the 
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blocks are bits addresses, and the numbers prefaced by "h" are the hyper diagonals. 
Unlike 2-D enhanced turbo product codes, the parity bits in a 3-D block are added 
as a plane to the block itself or as a separate plane. The first plane is represented as 
the block furthest to the left Likewise, the second plane is second to the left and 
5 the third plane is shown to the right of the second plane. Further, the parity plane is 
farthest to the right As in the 2-D enhanced turbo product code example, there is a 
positional relationship between the rows of the block. Preferably, in 3-D enhanced 
turbo product codes, the bits are positioned down one column and positioned to the 
right by 1 bit or column as the parity check proceeds along the z-axis. Thus, each 
10 row in each plane is positioned down in the subsequent row and to the right by 1 bit 
or column with respect to the previous plane. For each subsequent plane, the last 
row is moved up in the previous plane to the first row in the subsequent plane and 
moved to the right by 1 bit or column. t , 

The process to determine the hyper parity bits for 3-D codes are set forth 
15 below. Data is input row by roW starting in the first plane wherein the data, after 
being encoded by the x_ericoder 110, y_encoder 112, and z_encoder 114, contains 
fiYtrairfftH Tramming code hits. After the last row is input for a plane, the 
positioning procedure is performed on the subsequent planes. Preferably, the £■ 
process for determining hyper parity bits are as follows: 1. Set the parity bits in the - 
20 hyper plane to zero. 2. Rotate or position each row in subsequent plane to the right 
by 1 bit address, which may be a row or column. 3. XOR the input plane with the 
hyper plane. 4. Store the result in the hyper plane. 5 . Repeat steps 2-4 until the 
parity check is performed for the last plane. 6. Rotate or position each row in the : 
hyper plane to the right by 1 bit address. 7. Output the plane. - 
25 These steps, however, do not have to necessarily occur in this order. Other 

combinations of the above steps in accordance with the present invention to encode 
the data may be performed to achieve the same result. It must also be noted that 
although the parity row is positioned by 1 to the right, the parity row maybe 
positioned in any other direction. Further, the parity row is not limited to be 
30 rotated by 1 after each incoming row is XORed. Thus the parity row may also be 
positioned by more than two bit addresses or more. 

The present invention has been described in terms of specific embodiments 
incorporating details to facilitate the understanding of the principles of construction 
and operation of the invention. Such reference herein to specific embodiments and 
35 details thereof is not intended to limit the scope of the claims appended hereto. It 
will be apparent to those skilled in the art that modification s may be made in the 
embodiment chosen for illustration without departing from the spirit and scope of 
the invention. 
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Claims 

What is claimed is: 

1 . A method of encoding a block of data having n dimensions, wherein the 
block contains a plurality of systematic block code codewords, the method 
comprising the steps of: 

a. performing a parity calculation along a hyper diagonal in the block, 
wherein a parity result for the parity calculation is generated; and 

b. adding the parity result to the block of data. 

2. The method according to claim 1 further comprising the step of storing the 
parity result in a parity array, wherein the parity array is added to the block 
of data as a separate array. 

3. , The method according to claim 2 farther comprising the step of rotate 

parity array such that the parity result stored in the parity array is 
substantially aligned with the hypet diagonal along which the parity result 
was calculated. 

4. The method according to claim 2 further comprising the step of initializing 
the parity array such that the parity bits are set to zero before the step of 
performing the parity calculation along the hyper diagonal is executed 

5. Hie method according to claim 1 further comprising the step of outputting 
the encoded block of data when the parity result is aligned substantially 
with the hyper diagonal. 

6. The method according to claim 1 wherein the block of data is three 
dimensional. 

7. The method according to claim 6 wherein the parity result for the parity 
calculation is stored in a parity plane, wherein the parity plane is added to 
the block of data as a separate plane* 

8. A method of encoding a n-dimensional block of data having a plurality of 
(n-1) dimensional sub-blocks, wherein each sub-block includes a plurality 
of systematic block code codewords, wherein a parity sub-block is added to 
the block of data, the parity sub-block having a plurality of parity bits, the 
method comprising the steps of : 

a. causing the parity sub-block to be equal to a first sub-block rotated 
by a predetermined number of bits; and 

b. for each subsequent sub-block parallel to the first sub-block in the 
n-dimehsional block, bit-wise XORing that parallel sub-block with 
the parity sub-block, wherein the parity sub-block is rotated by an 
appropriate number of bits. 

9. The method according to claim 8 further comprising the step of initializing^ 
the parity sub-block such that each parity bit is zero, wherein the step of 
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initializing occurs before the parity sub-block is caused to be equal to the 
first plane. 

10. The method according to claim 8 further comprising the step of outputting 
the encoded block of data. 

11. A method of encoding a block of data having n-dimensions received from 
an input source, the block containing a plurality of information bits, the 
method comprising the steps of: 

a. receiving a row of the block and immediately outputting the row; 

b. encoding the information bits in the row, wherein a first set of 
encoded data is generated according to a first encoding scheme; 

c. outputting the first set of encoded data; 

d. encoding the information bits in a column according to a second 

- encoding scheme, wherein a second set of encoded data is generated 
and iteratively updated according to the information bits in the row; 

e. hyper-diagonally encoding the information bits in the block 
according to a parity encoding scheme, wherein a hyper set of 

encoded data is generated according to the information bits in the " 
row and column and the first and second sets of encoded data; k 

f . outputting the updated second set of encoded data after all the f 
information bits and all subsequent first sets of encoded data are 
outputted; and — 

g. outputting the hyper set of encoded data. 

12. Hie method according to claim 1 1 further comprising the step of encckling i- 
the second set of encoded data according to the first encoding scheme on a 

row by row basis such that all information bits received are encoded. 

13. The method according to claim 1 1 further comprising the step of encoding 
the second set of encoded data according to the second encoding scheme on 
a row by row basis such that all information bits received are encoded. 

14. The method according to claim 1 1 wherein the block of data is three 
dimensional, the block of data including a plane of encoded bits, wherein 
the plane is orthogonal to the row and the column. 

15. The method according to claim 14 further comprising the steps of: 

a. encoding the information bits in the plane according to a third 
encoding scheme, wherein a third set of encoded data is generated 
and iteratively updated corresponding to the information bits in the 
row; and 

b. outputting the third set encoded data after all subsequent second sets 
of encoded data are outputted. 

16. The method according to claim 14 wherein the hyper parity array is a hyper 
parity plane. 
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17. The method according to claim 1 1 wherein the first set of encoded data is 
stored in a row encode storage array, wherein the row encode storage array 
includes a plurality of row array bits. 

18. The method according to claim 17 further comprising the step of resetting 
the row encode storage array such that all row array bits are set to zero, 
wherein the step of resetting is executed after the first set of encoded data is 
outputted. 

19. The method according to claim 1 1 wherein the second set of encoded data 
is stored in a column encode storage array. 

20. The method according to claim 1 1 wherein the hyper set of encoded data is 
stored in a hyper parity array, wherein the hyper parity array includes a 
plurality of parity array bits. 

21. The method according to claim 20 wherein the step of hyper-diagonally 
encoding further comprises: : : 

a. updating the hyper parity array by iteratively encoding the parity 
array for the information bits and the first set and the second set of 
encoded data for each row; and 

b. rotating the hyper parity array by a predetermined number of bits. 

22. The method according to claim 20 further comprising the step of initializing 
the hyper parity array such that all parity array bits are set to zero, wherein 
the step of initializing is executed before the any information bits are 
encoded. 

23. An encoder comprising: a datapath module for encoding a block of data 
having a plurality of systematic block code codewords, wherein each 
codeword includes a plurality of information bits and a plurality of error 
correction bits, wherein the datapath module hyper-diagonally encodes a 
string of the block code codewords and performs a parity calculation on the 
string, whereby a parity result for each string is generated. 

24. The encoder according to claim 23 wherein the parity result for each string 
is stored in a parity array. 

25. The encoder according to claim 23 further comprising an input module for 
receiving the block of data. 

26. The encoder according to claim 23 further comprising an output module for 
outputting the encoded block of data. 

27. The encoder according to claim 23 wherein the datapath module further 
comprises: 

a. a first encoder module for encoding a plurality of rows from the 
block of data, wherein die first encoder module adds the error 
correction bits to the rows; and . 
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b. a second encoder module for encoding a plurality of columns from 
the block of data, wherein the second encoder module adds the error 
correction bits to the columns such that an encoded block of data is 
formed. 

28. The encoder according to claim 27 further comprising: an output 
multiplexer coupled to all the encoder modules for outputting the encoded 
block of data. 

29. The encoder according to claim 27 wherein the datapath module further 
comprises a third encoder module for encoding a plurality of planes from 
the block of data, wherein the third encoder adds the error correction bits to 

the planes. . - ; 

30. Anencoderforencodingablockofdataha 

bits, wherein the encoder outputs the information bits immediately after 
receiving the information bits, the encoder comprising: 

a. a first encoder module for encoding the information bits in a row of 
the block, wherein the first encoder generates a set of encoded row 
bits; 

b. a second encoder module for encoding me information bits in a 
column of the block, wherein the second encoder module generates 
a set of encoded column bits according to the inf brmationbitsin 
each row, wherein the second encoder updates the encoded column 
bits for each row encoded by the first encoder; and 

c. a hyper encoder module for hyper^agonaUy encc>ding all ... ... 

information bits and all encoded bits diagonally along the block, 
wherein the hyper encoder generates a set of parity results, whereby 
each parity result corresponds to a diagonal of the encodedbits. 

31. The encoder according to claim 30 wherein the hyper encoder rotates the 
parity array such that each parity result is aligned with the corresponding 
diagonal. 

32. The encoder according to claim 30 further comprising a third encoder 
module for encoding the information bits in a plane of the block, wherein 
the third encoder module generates a set of encoded plane bits according to 
the information bits in each row and column, wherein the third encoder 
updates the encoded plane bits according to each set of encoded row and 

column bits. . \ 

33. The encoder according to claim 30 wherein the first encoder module 
outputs the set of encoded row bits. 

34 The encoder according to claim 33 wherein the second encoder module 

outputs the set of encoded column bits after all sets of encoded row bits*re 
output 
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35. The encoder according to claim 34 wherein the hyper encoder module 
outputs the set parity results after all encoded row bits and encoded column 
bits are outputted. 

36. An encoder for encoding a block of data into an encoded block of data, 
wherein the block of data having a plurality of information bits arranged in 
a plurality of rows and columns, the encoder comprising: 

a. means for receiving the block of data, wherein the information bits 
received are immediately output by an output means; 

b. first means for encoding each row according to a first encoding 
scheme, wherein the first means generates a row encoding result for 
each row encoded by the first encoding scheme; 

c. second means for encoding each column according to a second 
encoding scheme, wherein the second means generates a column 
encoding result for each column encoded by the second encoded 
scheme, wherein the column encoding result is iteratively updated 
for each row encoded by the first means; and 

d. means for hyper-diagonally encoding along the encoded block of 
data, the means for hyper-diagonally encoding generating a hyper 
parity result for each corresponding diagonal in the encoded block 
of data. 

37. An encoder for encoding a block of data into an encoded block of data, the 
block of data having a plurality of information bits, wherein the encoder 
outputs the information bits immediately after receiving the information 
bits, the encoder comprising: 

a. a first encoder module for encoding the information bits in a row of 
the block, wherein the first encoder generates a set of encoded row 
bits; and 

b. a second encoder module for encoding the information bits in a 
column of the block, wherein the second encoder module generates 
a set of encoded column bits according to the information bits in 
each row, wherein the second encoder updates the encoded column 
bits for each row encoded by the first encoder. 

38. The encoder according to claim 37 further comprising a hyper encoder 
module for hyper-diagonally encoding along the encoded block of data, 
wherein the hyper encoder generates a set of parity results, each parity result 
corresponding to each diagonal encoded. 

39. The encoder according to claim 38 wherein the hyper encoder module adds 
the set of parity results to the encoded block of data as a parity array. 

40. The encoder according to claim 37 further comprising a third encoder 
module for encoding the information bits in a plane of the block, wherein 
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the third encoder module generates a set of encoded plane bits according to 
the information bits in each row and column, wherein the third encoder 
updates the encoded plane bits for each row encoded by the first encoder 
and each column encoded by the second encoder. 
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